Several methods have been proposed for overcoming the effects of radiofrequency (RF) magnetic field inhomogeneity in high-field MRI. Some of these methods rely at least in part on the ability to independently control magnitude and phase of different drives in either one multielement RF coil or in different RF coils in a transmit array. (1) (2) (3) (4) (5) (6) . This is a valuable development, in part because distinct current distributions in the coil or array used for excitation will likely be required to achieve homogeneous B 1 fields on different planes (7, 8) or in different subjects (9) in human MRI at increasingly high field strengths. These hardware developments are also fueled in part by the expectation that multicoil tailored RF pulses (coordinating simultaneous application of specially-shaped RF and gradient pulses for spatially-selective excitation), such as those described as "transmit SENSE" (2) will be able to achieve volumeselective homogeneous excitation with shorter pulse durations than their single-coil counterparts (2,10,11). A few other multicoil approaches to achieving homogeneous images besides RF shimming and transmit SENSE, requiring differing amounts of foreknowledge of the RF field and varying degrees of pulse sequence manipulation, have also been proposed and discussed (12) (13) (14) .
Recent hardware advances have been designed to facilitate unprecedented real-time control of the radiofrequency (RF) magnetic (B 1 ) field distribution with multiple variable voltage or current sources for MRI (1) (2) (3) (4) (5) (6) . This is a valuable development, in part because distinct current distributions in the coil or array used for excitation will likely be required to achieve homogeneous B 1 fields on different planes (7, 8) or in different subjects (9) in human MRI at increasingly high field strengths. These hardware developments are also fueled in part by the expectation that multicoil tailored RF pulses (coordinating simultaneous application of specially-shaped RF and gradient pulses for spatially-selective excitation), such as those described as "transmit SENSE" (2) will be able to achieve volumeselective homogeneous excitation with shorter pulse durations than their single-coil counterparts (2, 10, 11) . A few other multicoil approaches to achieving homogeneous images besides RF shimming and transmit SENSE, requiring differing amounts of foreknowledge of the RF field and varying degrees of pulse sequence manipulation, have also been proposed and discussed (12) (13) (14) .
While many of these methods can theoretically produce more homogeneous excitations than RF shimming alone, they can require more foreknowledge of the field distributions (as for designing tailored pulses), longer-duration RF excitations and higher SAR (as for adiabatic and composite pulses), and restrictions on sequence design beyond the excitation portion. Although RF shimming by itself shows much promise, it will also inevitably have limits. While Maxwell's equations may allow for existence of an almost perfectly homogeneous RF magnetic (B 1 ) field distribution on any one plane in an object as large as the human head at frequencies of hundreds of MHz, achieving this may require a large number of excitation sources. And achieving perfect homogeneity throughout an entire volume, even with a very large number of excitation coils, may not be possible due to the constraints of Maxwell's equations (7). Here we simulate a large number (16 -80) of excitation coils using numerical calculations to examine the limits of B 1 field homogeneity that can be achieved by RF shimming alone on various single slices and over the whole brain volume at frequencies from 300 to 600 MHz.
MATERIALS AND METHODS
A 3D digital human head model was adapted from previous studies (15) . It consisted of 23 different tissue types with a 5-mm isotropic resolution. Tissue electrical properties were assigned appropriately at each frequency of interest. Two elliptical, stripline coil arrays (16-element and 80-element) were modeled and driven at 300, 400, 500, and 600 MHz (see Fig. 1 ). The 16-element array geometry was based on designs from the University of Minnesota (5) . Each of the arrays' elements was modeled as a 2 cm wide and 15 cm (for the 16-element array) or 2.5 cm (for the 80-element array) long, thin strip of copper, oriented in the longitudinal direction and placed with equal spacing on the surface of an ellipse with a short (left-right) axis of 21 cm and a long (anterior-posterior) axis of 24 cm. Both ends of each element were connected (with thin wires in a roughly radial direction) to a section of copper shield of corresponding length fitted to an elliptical shape with short and long axes of 23 and 27 cm modeled concentrically with the array. Longitudinal slots 5 to 10 mm wide were placed in the shield between each pair of neighboring elements, and 5 mm gaps between the ends of the elements also existed for the 80-element array. For the 16-element array, one current source was placed in each radially-oriented wire with sources at opposite ends of a given element having equal magnitudes and phases and being oriented in opposite directions. For the 80-element array, one current source was placed in the wire at the superior end of each element only. Tissue properties (conductivity and permittivity) were adjusted for each RF frequency (16) .
The RF field driven by each element with a unit current was calculated with the finite-difference time-domain (FDTD) method using xFDTD software (REMCOM Corp., State College, PA). Then the results were loaded into in-house created C programs, and an optimization routine was used to vary the magnitudes and phases of the individual coils with the goal of improving RF homogeneity. Relative SD (SD divided by the average) was used to characterize homogeneity. The homogeneity of three different entities were optimized in separate procedures. The first is the flip angle, ␣
where ␥ is the gyromagnetic ratio, is the pulse duration, N is the number of elements (16 or 80), and, n B 1 ϩ is the pertinent circularly-polarized vector component generated by the nth element.
The second entity optimized is the gradient echo signal intensity, SI GE . Some methods of parallel reception serve to remove the receptivity distribution from the final image so that (ignoring anatomic features) SI GE is a function of the excitation distribution (17) .
The third entity optimized is the spin echo signal intensity, SI SE SI SE ϭ ͉sin
Homogeneity was optimized over different region of interests (ROI). The whole brain including white matter, gray matter, and cerebral spinal fluid has 10,622 voxels. The single axial, sagittal, and coronal slices have 645, 541, and 461 voxels, respectively. A simple optimization algorithm was used to search for improved homogeneity of a single entity over an ROI by varying the current magnitude or phase in each element by a certain increment. If a more homogenous condition was found, this driving condition was taken. If no improvement could be found by changing any of the variables (current magnitudes or phases) by one increment, the increment was changed to -0.99 times its value and the process was repeated until no more improvements could be found and the increment was negligible in size. The initial increment was 100% of the current magnitude and 1 radian (about 57.3°) in-phase. All of the calculations were performed on a dual-processor workstation with 3.2 GHz central processing units (CPUs) and 2 GB of random access memory (RAM). Figure 2 illustrates the effectiveness of RF shimming with the 16-element coil array at 300 MHz by showing the gradient echo signal intensity before and after optimization, where optimization was performed on each of three orthogonal slices and on the entire brain. Signal intensity on three orthogonal slices is presented for each optimal condition. In general, when the homogeneity is optimized on one slice, homogeneity is poor on orthogonal slices, but a very homogeneous distribution throughout all of the brain can be found using 16 elements at 300 MHz. With the optimal coil magnitudes and phases, the signal intensity distribution is very homogeneous and the variation in signal intensity can be reduced to less than 1% in single slices. Although the 16-element array can shim the field very well on single slices or throughout the whole brain at 300 MHz, it becomes less adequate at higher frequencies. Table 1 lists the relative standard deviation for different regions of interest at different frequencies. Figure 3 shows shimming effectiveness of the 16-element coil array at 600 MHz. The improvement from the original case is notable, but the final homogeneity is not nearly as good as at 300 MHz. Table 1 also indicates that increasing the number of coils or reducing the ROI (selecting a single plane rather than whole-brain) can result in a significantly more homogeneous field after RF shimming. Figure 4 shows the shimming effects of the 80-element coil array at 600 MHz (14 T). The resulting homogeneity-even over the entire brain-is remarkably good at this high frequency when using 80 elements, though imperfections can be seen.
RESULTS

DISCUSSION
RF shimming, when coupled with parallel reception techniques, can produce very homogeneous MR images (17, 18) . RF shimming should be more effective at lower frequencies, with more elements, or over a smaller ROI.
Here we investigate some of the limitations of RF shimming by going to very high frequencies (600 MHz) and using a large number of elements. Very homogeneous images (with a relative SD of about 5% or lower) can be produced on a single plane with a 16-element array at 300 MHz, while the same array at the same frequency can produce fairly homogeneous images (with a relative SD of about 20% or lower) over the whole brain (Fig. 2) . When the element number is increased to 80, the whole brain can be shimmed very well at 300 MHz, with a relative SD less than 1% on SI GE for any ROI at 300 MHz (Table 1) . At higher frequencies, the relative SD within the optimized whole brain increases. At a frequency as high as 600 MHz (14 T), a 16-element array can reach a relative SD less than 5% on SI GE of a single slice (Table 1) . At 600 MHz, an 80-element array can achieve a relative SD of less than 5% in the entire brain (Table 1) . This indicates that with RF shimming alone very homogeneous excitations can be produced over the whole brain at very high frequencies if enough coils are used.
When an optimization is performed on a single plane, the resulting field on orthogonal planes becomes less homogeneous. The resulting variance in signal intensity on orthogonal planes is more exaggerated when optimization is performed on midsagittal or midcoronal planes (third and fourth rows of Figs. 2-4) than when optimization is performed on the midaxial plane (second row of Figs.  2-4) . In all regions where there is rapid alternation between strong signal intensity and no signal intensity (closely-spaced black bands) the RF field strength is are high compared to that on the plane of optimization. This, coupled with inhomogeneity (strong field gradients), results in closely-spaced black bands as the flip angle passes through multiples of 180°, where the magnetization produces no signal. Similarly, the black regions within the brain seen on the midsagittal and midcoronal planes when the optimization is performed on the midaxial plane with 16 or 80 elements at 600 MHz (second row of Figs. 3 and 4) occur because regions of strong RF fields result in flip angles approaching 180° (17) .
All of the optimization conditions are achieved by iteratively testing each parameter and comparing the nearest conditions, so that the optimal condition found may be a local optimum only. It is impossible to search all possibilities due to the large number of adjustable factors. For example, there are 160 variables (amplitudes and phases) to adjust for an 80-element system. Comparing just two possible conditions for each variable, the total number of possibilities is on the order of 10 48 . Still, our optimization routine is extremely simple, and a more sophisticated routine may yield better results. In addition, the element geometry and location can be improved. Still, the results in this study demonstrate the great potential of RF shimming alone at very high frequencies, even over the whole brain, when a large number of elements are used. Optimization time in this work depended on the number of elements, the ROI, the optimized entity, and the accuracy desired. The SI SE took more calculation time than others. In the worst case, optimizing the 80-element system on the spin echo signal intensity of the whole brain at 600 MHz required about 26 min to reach an increment size less than 1% of that of the initial increment. Single-slice optimization, however, took less than 30 sec to reach the 1% increment size. Even less time was required for other optimized entities or fewer array elements. More sophisticated optimization routines may also achieve adequate results in a shorter amount of time. RF shimming might be applied in vivo in a number of ways. For example, after separately mapping the complex RF receptivity field of each coil in an array, the optimal drive combination could be calculated quickly offline using the principle of superposition. Alternatively, an automated iterative procedure could be developed to improve the homogeneity of rapidly-acquired, low-resolution, lowcontrast images by varying current magnitudes and phases without first mapping the fields.
In conclusion, RF shimming becomes more effective with a larger number of elements or smaller ROI. A 16-element array may be adequate for shimming a single slice at a high frequency up to 600 MHz, but more elements are needed to shim the whole brain to a similar degree at such a high frequency. When an adequate number of elements is available, RF shimming alone (without more complex approaches) may provide adequately homogeneous excitation in many cases for high field MRI.
